ABSTRACT: Green crabs Carcinus maenas (L.) are native to north-western Europe, but have been spread globally by humans during the last 200 yr. Reproductively viable populations have been present for <10 yr in British Columbia, Canada. In the present study, C. maenas were collected from 2 geographically separated locations, Anglesey (UK) and British Columbia (Canada), to compare bodysize and colour distributions between native and newly invasive populations. Crabs were captured using baited traps and collected by hand at both intertidal and shallow subtidal elevations. Crabs from British Columbia were significantly larger than those from Europe. The largest male, 101.1 mm, and the largest female, of 85.4 mm carapace width, were both captured in British Columbia. The native populations showed a higher frequency of red-coloured crabs than the introduced population, which consisted predominately of green-coloured male crabs. Green-coloured integuments are typical of individuals in the early stages of intermoult. Accordingly, the high frequency of large, greencoloured C. maenas in British Columbia suggests that individuals in this population have an atypically high growth rate and achieve a larger body size and, hence, potentially greater fecundity. Moreover, the scarcity of small C. maenas in British Columbia may indicate that the existing population comprises only the first or second generation of recruits. The observed differences in body size and colour distribution are perhaps indicative of release from an as yet undetermined growth-limiting factor (possibly parasites) and provide a unique opportunity to study the dynamics of a newly invasive population as it recruits and matures. 
INTRODUCTION
The European green crab Carcinus maenas (L.) is native to northwest Europe and the western Mediterranean (Crothers 1968) . Because of its tolerance of a wide range of environmental conditions, it has become a wide-spread invasive species, with the potential to outcompete and displace native crab species (Broekhuysen 1936 , Grosholz & Ruiz 1995 , Grosholz et al. 2000 . C. maenas is also an important predator of molluscs, with the potential to affect the population size and structure of both natural populations (Edgell & Rochette 2008) and commercial farming operations (Jensen & Jensen 1985) , for which it is considered a pest species.
With the increase in international trade during the last century, Carcinus maenas has been distributed around the globe, most probably via transfers of aquaculture species, such as oysters, and ship ballast water. Reproductively viable populations have been reported in Australia, South Africa and North America, while isolated specimens have been discovered in South America, SE Asia and Japan (Carlton & Cohen 2003) . Specimens of C. maenas were first found on the west coast of North America in 1989, when a number of individuals were captured in San Francisco Bay (Cohen et al. 1995) . In 1997, populations were discovered along the coast of Oregon and Washington (Behrens-Yamada & Hunt 2000) . The first specimens in Canada were reported from Barkley Sound, British Columbia, in 1999; these 5 individuals were assumed to be stray recruits, and there was no evidence of an established population (Behrens-Yamada & Gillespie 2008) . However, in 2006, several reproductive populations were discovered on the west coast of Vancouver Island (Gillespie et al. 2007 ). These individuals probably represented a cohort of crabs that settled in 2005, and evidence suggests that these populations may now persist in this area (Behrens-Yamada & Gillespie 2008) .
In its native range, Carcinus maenas typically reaches a maximum size of 86 mm carapace width (CW) (Crothers 1968) , although a single specimen of 100 mm has been reported from western Sweden (Behrens-Yamada 2001). The colour of its integument varies from a pale yellow-green through orange to a deep red-brown, which is most apparent on the underside and legs (Crothers 1968) . The red-brown colour accumulates during a prolonged intermoult period or possibly at terminal anecdysis (Kaiser et al. 1990 , McGaw et al. 1992 , Reid et al. 1997 . These redcoloured individuals are thought to represent the reproductive phase, whereas green-coloured individuals are actively moulting and resources are diverted toward growth (Reid et al. 1997 , Wolf 1998 , Styrishave et al. 2004 .
Given that Carcinus maenas has only been established in Barkley Sound for a few years, we had a unique opportunity to study the demographics (size, sex and colour) of this population. While a number of studies have characterized the population spread of C. maenas in the Pacific Northwest (reviewed in BehrensYamada 2001, Behrens-Yamada & Gillespie 2008), they have not compared the size and colour distributions of a newly invasive cohort with those of native populations from Europe.
MATERIALS AND METHODS
Carcinus maenas were collected between April and September, primarily using baited net traps; however, because trapping can select for larger-sized individuals (Miller 1990 , Ihde et al. 2006 , we also supplemented trapping with hand collection (turning rocks in the intertidal and snorkeling) methods. Crabs were collected from their native range in 1989 and 1990 at 3 different sites in the Menai Strait, Anglesey, UK (53°13' 36'' N, 4°09' 24'' W; 53°13' 20'' N, 4°10' 17'' W; 53°07' 45'' N, 4°18' 31'' W) , and at 3 sites in Barkley Sound, British Columbia, Canada, during 2008 and 2009 (49°01' 43'' N, 125°18' 16'' W; 49°02' 13'' N, 125°19' 54' W; 49°02' 36'' N, 125°09' 36'' W) . Because the trapping activities at the 2 locations were separated by a significant interval, with the potential for long-term effects associated with changes in local seawater temperature, additional trapping was carried out in the Menai Strait from December to April, 2009 to 2010, in order to determine whether any significant change in population demo graphy had occurred over the 20 yr period. The collection methods and site topography were replicated as closely as possible between the UK and Canadian sites. Collections were made on 2 days each month, using 2 different sizes of trap at each site. In the UK, small cylindrical netlon traps of 0.5 cm mesh size were 60 cm in length and 30 cm diameter, with 2 entrances of 7 cm each. The larger traps constructed of 2 cm mesh were 120 cm in length and 60 cm diameter, with 2 entrances of 15 cm each. Folding oval fish traps were used in Canada, the smaller traps (0.9 cm mesh) were 60 cm in length, 45 cm wide and 30 cm in height, with 2 entrances of 7 cm each. The larger traps (2.5 cm mesh) were 90 cm in length, 60 cm wide and 60 cm in height, with 2 entrances of 15 cm each. Because low salinity can affect both size-and colour-distribution patterns in this species, all the sites chosen were situated away from the influence of freshwater (salinity > 22; McGaw & Naylor 1992a,b) and consisted of a similar habitat of large boulders on gravel with fucoid and kelp seaweeds. Collections were made from mean mid-water level to approximately 2 m below mean low water.
Crabs were measured to the nearest 0.1 mm across the widest part of the carapace (from the outside of the first spine), and the sex and colour (green, orange, or red) was noted. Detailed measurements of the larger specimens were also made. In order to avoid recapture of the same individuals, the crabs were not returned to the collection sites.
We tested for factors that affected carapace size using a Kruskal-Wallis test on ranked data. Fixed-effect tests included crab origin (UK vs. Canada), sex (male vs. female) and integument colour (green vs. red). To balance the analysis, we randomly selected 208 individuals from each origin × sex × colour group -n = 208 was the smallest sample size in any one of these groups. Because of a significant origin × sex × colour interaction term (p = 0.006), the analysis was broken down to test for: (1) the effect of origin on carapace size, between UK and Canadian populations, and (2) the effects of sex and colour on carapace width within each region separately.
RESULTS
A total of 6890 crabs were collected; 5096 crabs were collected in the Menai Strait, and 1794 from Barkley Sound. Initially, crabs were divided into 3 colour groupings: green, orange, or red. Statistical analysis showed, for the most part, that size distributions for orange and red crabs were similar, suggesting they were of the same cohort. Data for orange and red coloured crabs were, therefore, pooled and termed red. Colour distributions differed between the 2 areas. In the Menai Strait, 55% of males were green and 45% were red, while 36% of females were green and 64% were red. In Barkley Sound, 84% of male crabs were green and 16% red, while for females 47% were green and 53% were red (Table 1) .
Red crabs were significantly larger than green crabs at both locations (Table 1) . In Barkley Sound, the average red male was 3% larger than the average green male (2% difference between median values) and the average red female was 7% larger than green females (5% difference between median values). In the Menai Strait, the average red male was 13% larger than the average green male (11% difference between medians) and the average red female was 21% larger than green females (20% difference between median values). Moreover, crabs from Barkley Sound were 39% larger than those from the UK (p < 0.0001) ( Table 1) . In Barkley Sound, 71% of crabs were male, this was higher than the percentage of males (60%) found in the Menai Strait. The latter may contribute to the greater proportion of large crabs in Canada, because male crabs were significantly larger than females in both regions (Fig. 1) .
Since the collections at the 2 sites were separated by a significant time period, additional collections were carried out in the Menai Strait between December and April, 2009 to 2010, and compared with the earlier samples collected during the same months. Differences in size were apparent between green-coloured males and red-coloured females; however, these differences were not substantial. The mean (± SD) size of green-coloured males collected from 1989 to 1990 was 48.7 ± 8.6 mm compared with the 50 ± 13.2 mm of green males measured from 2009 to 2010 (t-test, p = 0.044). Red females collected from 1989 to 1990 were larger than red females collected 20 yr later (50.3 ± 9.8 vs. 46.8 ± 7.1 mm; t-test, p = 0.008). There was no significant difference in the mean sizes of red-coloured males (54.9 ± 11.3 vs. 53.4 ± 7.7 mm; t-test, p = 0.46) or green-coloured females (40.7 ± 13.9 vs. 42.4 ± 5.6 mm; t-test, p = 0.18).
The largest male and female crabs in our samples were both captured in Barkley Sound. The male crab had a green integument, a CW of 101.1 mm, a carapace length (rostrum to 1st abdominal segment) of 74.8 mm, and weighed 247.8 g. Its crusher claw height was 40.2 mm and its length was 45.2 mm. The cutter claw was 29.2 mm high and 36.3 mm in length.
The largest female crab also had a green integument, 85.4 mm CW, a carapace length of 60.6 mm and weighed 124.3 g. The right chela was 23 mm in height and 31.3 mm in length. The left chela was 18.9 mm in height and 27.8 mm in length. The pereiopods on both specimens were intact, and there was no evidence of damage or epibiont fouling on the carapace.
DISCUSSION
To date, the maximum size attained by green crabs Carcinus maenas appears highly consistent, both in its native range and in locations where it has become established (Australia, east coast of North America, Patagonia, South Africa) and is classified as an invasive species (Ropes 1968 , Le Roux et al. 1990 , Hidalgo et al. 2005 , Audet et al. 2008 reported maximum sizes. In general, females were smaller than males, and, although they may reach >90 mm CW (J. Drewery, FRS Marine Labs, pers. comm.), the 85.4 mm CW female specimen also appears to be one of the largest published records for this species. The larger size of crabs on the west coast of North America has been noted previously, but, to date, no definitive conclusions for this observation have been drawn (Grosholz & Ruiz 2003) . The west coast populations are descended from crabs from the east coast of North America, but, at present, there is no evidence to suggest that these were genetically distinct populations (Bagley & Geller 2000) . Low winter sea temperatures (< 5°C) limit the growth and reproductive season (Behrens-Yamada 2001) and can stop recruitment and increase mortality of older, larger individuals (Berrill Fig. 1 . Carcinus maenas. Percentage of green-and red-coloured males and females in 5 mm size classes. Crabs were collected in traps and by hand in (a, upper panels) Menai Straits, Gwynedd, UK (n = 5096), and (b, lower panels) Barkley Sound, British Columbia, Canada (n = 1792) 1982). However, seawater temperatures in the Menai Strait (Harvey 1972) and Barkley Sound (Bamfield Marine Sciences Centre, Ocean News Records) are similar, and in South Africa, where water temperatures are warmer and the growing season is longer, the crabs are no larger than their native counterparts (Le Roux et al. 1990 ). Prey items are also plentiful in both areas, and there is little evidence to suggest that growth in crabs from Europe is limited by food availability (Klein Breteler 1975 , Berrill 1982 . It has been postulated that a lack of predators on the North American west coast may allow Carcinus maenas to attain larger sizes (Grosholz & Ruiz 2003) . However, most animals that prey upon crabs are opportunistic feeders (Torchin et al. 2001) , and there are a large number of fish species (Hart 1973) and > 20 species of decapod crustaceans that are likely to eat C. maenas (Hunt & Behrens-Yamada 2003) . The most plausible explanation for the size differences is that a release from parasites, which slow growth, allows crabs on the west coast to grow more rapidly and attain a larger size (Torchin et al. 2001 ). This phenomenon is not only limited to C. maenas, but appears to apply to a number of other invasive phyla (Torchin et al. 2001) . The underside of Carcinus maenas varies in colour from a pale green, through orange, to a deep redbrown (Kaiser et al. 1990 , McGaw et al. 1992 . The red colouration builds-up during a prolonged intermoult period, as the pigments in the carapace denature (Reid et al. 1997 , Taylor et al. 2009 ). However, all crabs, irrespective of initial colour, turn green immediately after moult. In general, red crabs tend to be larger than their green counterparts and are thought to direct energy towards reproduction rather than growth (Reid et al. 1997) . In the Menai Strait, the green-coloured crabs were 17.3% smaller than red-coloured crabs, a significantly greater difference than the 5% size variation observed for Barkley Sound populations. The high proportion of these large green-coloured crabs in Barkley Sound suggests that the population is in an actively growing rather than a reproductive phase (Reid et al. 1997 , Wolf, 1998 . The fact that only 5 pre-copula pairs and 4 berried females were found during specimen collections further substantiates this assertion.
The reason why crabs in Barkley Sound appear to exhibit short intermoult periods and, thus, rapid growth is unclear. Conspecifics feed on small crabs, and the presence of large individuals can, thus, cause the small crabs to delay moulting, because they can be more easily preyed upon when the shell is soft (Klein Breteler 1975) . When Carcinus maenas settles in a previously unoccupied zone, they are larger than subsequent cohorts, because they are not moulting-limited by larger individuals (Klein Breteler 1975 ). This appears to be a plausible explanation for the predominance of large green-coloured crabs in Barkley Sound. We also hypothesize that, because of the large number of potential crustacean predators/competitors in Barkley Sound, C. maenas diverts energy towards growth to gain a size-based predation refuge. This would allow them to avoid predation and possibly outcompete native crabs, such as Cancer gracilis (Dana, 1852) and the smaller Cancer productus (Randall, 1839), which occur sympatrically (Jensen & Jensen 1985 , T. Ther riault & C. DiBacco pers. comm.). Our preliminary ex periments support this idea: when 2 size groups of C. maenas (45 to 60 mm and 80 to 95 mm) were introduced into a tank with C. productus of 120 to 160 mm, the smaller individuals suffered 50% mortality within 24 h, whereas none of the crabs > 80 mm were injured (I. J. McGaw unpubl. obs.).
It could be argued that differences in carapace colour between the regions were a result of other factors, such as consumption of different food types; however, the diet of Carcinus maenas tends to be fairly conserved when comparing native and invasive populations (Grosholz & Ruiz 1996) . In addition, the red colour is not the only characteristic of a prolonged intermoult; thicker or worn carapaces with heavier epibiont loads (McGaw et al. 1992 ) and discoloured gills (Legeay & Massabuau 2000) are also indicative of a prolonged intermoult. These were not evident in the large green-coloured crabs in Barkley Sound. Observation of the setae of the exopodites (O'Halloran & O'Dor 1988, Kaiser et al. 1990 ) of 6 red-and 8 greencoloured crabs from Barkley Sound confirmed that red crabs were in mid-to late 'C' stage, whereas the green crabs were in early 'C' stage, which again suggests that individuals in the population moulted more frequently, channelling energy towards growth rather than reproduction.
The demographics of the western Canadian cohort have already changed. In 2006 the population was much smaller, and only 6% of individuals were red in colour (Gillespie et al. 2007 ). The increase in the percentage of red-coloured individuals can be partially explained because the red colouration accumulates as the crabs age (Gillespie et al. 2007 ). Nevertheless, the high number of green-coloured male crabs in the large size classes (> 80 mm) and the fact that the red crabs had very few epibionts on the carapace suggests that they are still moulting relatively frequently (McGaw et al. 1992) . The lack of small greencoloured individuals shows that recruitment was low after 2007, and the population is primarily composed of a single ageing cohort. If this species persists and recruits further in this area, it will be of interest to see how the population characteristics change over time with respect to those of more established and native populations.
